Purpose Food security is threatened by increasing soil degradation; thus, it is imperative to reclaim and amend the degraded soil. Multifunctional wood vinegar and biochar pyrolyzed from waste biomass are proposed as highly promising soil amendments. However, there is still a knowledge gap on the cooperative performance of wood vinegar and biochar in affecting plant growth in agricultural production. Material and methods Waste trunks of poplar-derived wood vinegar (PWV) and biochar (PBC) were produced using slow pyrolysis simultaneously at 500°C for 5 h. Two common vegetables, pepper (Capsicum annuum Linn) and tomato (Lycopersicon esculentum Miller), were selected to investigate their responses to PWV addition using a germination experiment and the individual and co-application of PWV and PBC using a 30-day pot experiment. Results and discussion The addition of PWV had no effects on the germination of pepper and tomato, while it promoted the lengths of the root and shoot at low concentrations (e.g., 0.002% and 0.02%). Additionally, PWV individually promoted the root development of pepper seedlings, such as the root length by 45.4-51.6%, and increased the biomass of the shoot and root by 20.9-22.0% and 100-113%, respectively; however, co-application showed little effects. For tomato, PWV individually exerted little influence on its growth, while PBC individually facilitated its seedling growth, including root development and aboveground and underground biomass production. Compared to the individual application of PWV, the co-application of PWV and PBC significantly increased the root length, surface area, and volume of tomato by 98.0%, 66.7%, and 83.1%, respectively. These results could attribute to the enhanced nutrient availability and the slow-released active acid and phenol components in PWV adsorbed by the PBC. Conclusions The individual application of PWVor PBC stimulated pepper seedling growth, whereas the co-application of PWV and PBC more efficiently stimulated tomato seedling growth than did the individual application. These findings provide valuable information on the co-application of wood vinegar and biochar to enhance crop growth, which is useful for improving soil health and food security.
Introduction
Healthy soil is very important for food production (Koch et al. 2012) . Soil degradation has seriously threatened global food security (Webb et al. 2017) . The UN Food and Agriculture Organization (FAO) estimated that the global population will increase to 9.6 billion by 2050, and 6.4 billion people would live in cities, with rapidly expanding urbanization worldwide (Eigenbrod and Gruda 2015) . This will pose a stricter demand for food quantity and quality. However, soil degradation is becoming more serious due to increasing anthropogenic activities. Gibbs and Salmon (2015) estimated that the total amount of degraded lands worldwide ranged from 0.47 billion ha to more than 6.14 billion ha. Moreover, approximately 12 million ha of farmlands vanish annually, which causes about a 20 million ton loss in grain yield (Rickson et al. 2015) . Particularly, the rate of agricultural soil being lost is 10 to 40 times faster than the rate of soil formation (Pimentel and Burgess 2013) . Therefore, to cope with the food security crisis induced by soil degradation and loss, it is imperative to reclaim and amend the degraded soil, thus ensuring a sustainable soil supply and soil health.
With the aim of improving soil properties and elevating primary productivity, the traditional strategies for soil restoration generally involve the application of chemical fertilizers and soil amendments (e.g., lime and crop straw) (Ryals and Silver 2013; Li et al. 2014) . The excessive use and low efficiency of chemical fertilizers have led to eutrophication, underground water pollution (Hobbie et al. 2017) , and greenhouse gas (GHG) emission. Organic fertilizers (e.g., agricultural wastes and municipal sludge) showed promising prospects; however, the practical application has been limited by the incompleteness of composting technology and the derived residue risks of heavy metals (Lopes et al. 2011) , pathogens (Alfa et al. 2014) , and antibiotics in compost (Tasho and Cho 2016) . As a result, there is an urgent need to develop an environmentally friendly and efficient agricultural approach for restoring soil and enhancing crop growth.
Wood vinegar, also known as pyrolytic vinegar or pyroligneous acid, is obtained by the condensation of vapors derived from the slow pyrolysis of woody biomass in the absence of (or with limited) oxygen (Zheng et al. 2018a) . Wood vinegar has a promising potential in soil improvement due to its multiple benefits, such as enhancing soil enzyme activities (Lashari et al. 2013) , inhibiting ammonia volatilization (Win et al. 2009 ), and decreasing heavy metal toxicity (Liu et al. 2018) . However, as a promising soil amendment, wood vinegar still showed uncertainties in affecting plant growth. Studies have shown that wood vinegar could increase (Lashari et al. 2013) , decrease (Mmojieje and Hornung 2015) , or have no effect on plant growth (Mungkunkamchao et al. 2013) . The performances of wood vinegar largely varied with its working concentration (Kadota and Niimi 2004; Mmojieje and Hornung 2015) and application method (Mungkunkamchao et al. 2013) . As a result, it is important to select the appropriate working concentration and application method for different plant species.
Biochar, a stable carbon-rich solid product derived from the pyrolysis/carbonization of plant-or animal-based biomass, is well acknowledged for its soil improvement, carbon sequestration, and environmental remediation abilities (Ahmad et al. 2014) . Biochar could also improve nutrient efficiency by increasing nutrient and water retention (Zheng et al. 2013a ) and altering microbial community structure (Zheng et al. 2018b ). Based on these advantages, improvements in plant growth and yield following biochar application have been reported under laboratory and field conditions for a variety of crops (Jones et al. 2012; Razaq et al. 2017 ). However, biochar-mediated plant growth does not always have positive effects (Olmo et al. 2014; Vaccari et al. 2015) ; it depends on the specific types of soil and plant, as well as their interactions (Kavitha et al. 2018) . To achieve better performance, the co-application of biochar and other soil amendments (e.g., compost) or chemical fertilizers are highly proposed Zheng et al. 2018b ). However, limited information is available on the effect of the co-application of wood vinegar and biochar on seed germination and seedling growth in agricultural production.
Recently, the simultaneous production of wood vinegar and biochar by various methods of pyrolysis has been taken into practice (Wang et al. 2013) . During pyrolysis, the dissolved organic carbon and oxygen-containing materials in biomass will end up in the wood vinegar mostly, while the mineral constituents and stable carbon will remain in the biochar. As the wood vinegar and biochar could be produced at the same time and have complementary qualities, we hypothesized that a combination of both may have better stimulative effects on plant growth. Herein, to test this hypothesis, two common vegetables, pepper (Capsicum annuum Linn) and tomato (Lycopersicon esculentum Miller), were selected to investigate their response to the individual and coapplication of wood vinegar and biochar. The specific objectives of this study were to (1) evaluate the effect of wood vinegar on pepper and tomato seed germination at different concentrations, (2) determine the effect of individual and coapplication of wood vinegar and biochar on pepper and tomato seedling growth, and (3) compare the effects of different application methods of wood vinegar, including root-and leaf-application, on pepper and tomato seedling growth.
Material and methods

Preparation of wood vinegar and biochar
The wood vinegar and biochar samples were produced from waste trunks of poplar trees (Populus L.) from a local furniture factory using slow pyrolysis (Zheng et al. 2013b) . In brief, the waste tree trucks (5-8 cm in length) were pyrolyzed at 500°C for 5 h using a vacuum tube furnace (O-KTF1200, China) under a N 2 flow of 500 mL min −1 . After the furnace cooled down to 20°C, the biochar sample was collected and ground to pass a 0.5 mm sieve, then labeled as PBC for further analysis. Meanwhile, the wood vinegar sample was collected via a selfdesigned condenser filled with ice-water mixture. After being preserved in the absence of light for 3 months, the supernatant of PWV was filtered through a 0.45 μm cellulose acetate membrane and then kept at 4°C in darkness for further analysis.
Characterization of wood vinegar and biochar
The organic functional groups of PWV were characterized using attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy analysis (Spectrum Two, PerkinElmer, USA). The pH of the undiluted PWV was measured using a pH meter (AB15, Fisher Scientific, USA). The components of PWV were identified by a QP5050A gas chromatography-mass spectrometer (GC-MS; Shimadzu, Japan) at an ionization voltage of 70 eV and an electron multiplier and transfer line temperature of 280°C on a DB-5MS column (Zheng et al. 2018a ). The temperature program started at 60°C for 2 min, increased to 280°C at a rate of 10°C min −1 , and was held for 8 min. The injection and ion source temperature were 250 and 180°C, respectively. The carrier gas was helium at a rate of 1 mL min −1 . The split ratio was 1:80 and the mass range was m/z 40-400. The relative contents of the compounds were determined by the corresponding peak areas.
For the PBC sample, the pH and electrical conductivity (EC) were measured at a ratio of 1:20 (w/v) in Milli-Q water after being shaken for 24 h at 150 rpm (Zheng et al. 2013b ). NH 4 + -N and NO 3 − -N were extracted by shaking 1 g of PBC with 50 mL of 2 M KCl for 1 h, then determined using the spectrophotometric method with indophenol blue reagent and phenol disulfonic acid, respectively (Zheng et al. 2013b ). Olsen P was extracted by shaking 1 g of PBC with 50 mL of 0.5 M NaHCO 3 for 1 h, then determined by the molybdenum antimony colorimetry method. The contents of available K, Ca, Mg, Fe, and Mn in PBC were extracted using Mehlich 3 and measured using an inductively coupled plasma mass spectrometer (ICP-MS) (Nexion 350X; PerkinElmer, USA). The functional groups of PBC were determined via Fourier transform infrared spectroscopy (FTIR; Tensor 27; Bruker Optics, Germany), and the spectrum was recorded in the range of 400-4000 cm −1 with a resolution of 2 cm −1 from the PBC mixed with spectroscopicgrade purity KBr at a ratio of 1:100 (w/w).
Seed germination experiment
Pepper and tomato, two primary vegetables with high nutrient and economic values, were selected as the experimental plants. Before the experiment, the seeds were immersed in sterile Milli-Q water and subjected to ultrasonic treatment for 1 min; the seeds that sank to the bottom were selected ). The seeds were soaked with 10% H 2 O 2 in darkness for 30 min and rinsed with Milli-Q water 5 times, then soaked with saturated CaSO 4 in darkness overnight and rinsed with Milli-Q water 4-5 times. The PWV was diluted with Milli-Q water to obtain different concentrations of 0.0005%, 0.001%, 0.002%, 0.01%, 0.02%, and 0.1% (v/v). For each plant, 10 seeds were placed in a 9 cm petri dish with two layers of filter paper. The filters were first moistened with 5 mL of Milli-Q water, then 10 mL of diluted PWV solution was sprayed onto the filter paper ( Fig.  S1 , Electronic Supplementary Material -ESM). Milli-Q water was used as the control treatment. All of the dishes were incubated at 25°C in an incubator (SPX-250B-Z; Boxun, Shanghai, China) for 14 days. Each treatment was run in four replicates. The numbers of germinated seeds and the root and shoot lengths of pepper and tomato were measured daily. After the germination, seeds with more than 1 mm length radicles were considered to be germinated seeds; thereby, the germination rate was calculated, and the germination potential was defined as the germination rate on the day with the maximum number of daily germinated seeds (Zhang et al. 2018) . After the germination experiment, the root and shoot lengths were individually measured using thread and a ruler (Al-Safadi and Elias 2011) .
Pot experiment
The topsoil (0-20 cm) was collected from a farmland in Qingdao, China, and then air-dried, ground to pass through a 2-mm sieve, and thoroughly homogenized. After the soil and biochar were thoroughly homogenized, 75 g of soil treated with 1.5% PBC (w/w) or without biochar was packed into a nursery pot. Afterwards, 15 mL of diluted PWVat concentrations of 0%, 0.002%, and 0.02% (w/w) were added into the pots. These treatments were classified into two groups (Fig. S1 -ESM): the PWV treatment group, including CK (0% PWV), WV1 (0.002% PWV), and WV2 (0.02% PWV), and the PWV and 1.5% PBC treatment group, including BC (0% PWV), BWV1 (0.002% PWV), and BWV2 (0.02% PWV). After adjusting the soil water content to 60% of the maximum water holding capacity (WHC), four seeds of pepper or tomato were planted after the pretreatment, as described in Sect. 2.2. In order to investigate the effects of different PWV application methods on the seedling growth, the leaf-applied treatment using 0.02% PWV was set up and termed as WV2S (without PBC in soil) and BWV2S (with PBC in soil). The leaf-applied treatment was prepared the same as the CK (0% PWV) at first, then 5 mL of PWV was sprayed on the leaf at 20, 24, and 27 days after germination. The pot experiment was carried out in a greenhouse at 20-26°C. Milli-Q water was used as the control, and all tests were performed in four replicates. The plant height was measured every 2 days, and the plant samples were collected after 30 days. The root and shoot weights and plant height were measured after collection.
The root morphology of pepper and tomato, including length, volume, surface area, and tips, was analyzed using root scanners (Epson Scanning, Japan) and WinRHIZO software (Pro. 2005, Regent, Canada) .
For soil samples, the pH was measured at a ratio of 1:10 (w/ v) in Milli-Q water after being shaken for 1 h at 150 rpm. The total organic carbon (TOC) was determined by potassium dichromate (K 2 Cr 2 O 7 ) oxidation methods. Total nitrogen (TN) was determined using Automatic Kjeldahl Apparatus (KDN-102F; Qianjian Ltd., Shanghai, China). The soil texture was determined using the hydrometer method. The WHC was measured by the weight difference subtraction method (Zheng et al. 2013a ). The selected properties of the soil are shown in Table 1 .
Statistical analysis
All results were expressed as the mean values. Error bars presented in the results represent the standard deviation. The significance of the various parameters was tested by one-way analysis of variance (ANOVA) using Duncan's multiple range test (p < 0.05) by Statistical Product and Service Solutions software (SPSS 20.0).
Results and discussion
Characterization of poplar-derived wood vinegar and biochar
The PWV was markedly acidic with a pH value of 2.24, because of the high content of organic acids (42.3%, Table S1 -ESM). From the FTIR spectrum of PWV ( Fig. 1b ), more organic functional groups were identified, such as the C=O bonds at 1746 cm −1 and 1640 cm −1 , which were assigned to carboxyl and ester, indicating that the major constitutes in PWV were carboxylic acids, esters, aldehydes, or ketones (Ríos-Reina et al. 2017) . Notably, the broad band at 3400 cm −1 was attributed to the stretching vibration of hydrogen-bonded hydroxyl groups, indicating the presence of phenols in PWV (Liu et al. 2018) .
A total of 52 compounds were identified in PWV, accounting for 92.6% of the total components (Table S1 -ESM). The main components of the PWV were organic acids (e.g., acetic acid; propanoic acid, and butanoic acid) with a relative abundance of 42.3%, phenolic compounds (e.g., 2-methoxyphenol and 1,2-benzenediol) and ketone compounds (e.g., 2cydopenten-1-one) with relative abundance of 17.1% (Fig.  1c, d) . These results were consistent with the results from the FTIR spectrum (Fig. 1b) . The abundant organic acids were mainly derived from the breakage of the acetyl groups in celluloses and hemicelluloses; meanwhile, the ketones and aldehydes were produced from the decomposition of xylan during biomass pyrolysis (Wang et al. 2009 ). Phenols and derivatives accounted for 23.2% of the PWV content, owing to the breakdown of lignin in the polar biomass (Yang et al. 2016 ). In addition, PWV contains furans (7.42%), carbohydrates (2.14%), and alcohols (0.39%), which were formed by the ring opening and dehydration of carbohydrates (Wang et al. 2009 ).
As shown in Table 1 , the PBC was alkaline, with a pH of 9.76 due to the inherent minerals (Zheng et al. 2013b ). The high EC of 285 μS cm −1 was consistent with the abundant mineral elements, including macronutrients such as N, P, K, Ca, and Mg and micronutrients like Fe and Mn, which demonstrated that the PBC could benefit plant growth by functioning as a fertilizer. The FTIR spectrum of PBC is presented in Fig. 1a . Abundant peaks were found in PBC, including C=O stretching groups at 1746 cm −1 and 1640 cm −1 and a C-O bond at 1320 cm −1 , indicating the presence of carboxyl, aldehyde, ketone, or ester derived from the decomposition of cellulose and hemicellulose (Cantrell et al. 2012 ). The aromatic groups were the primary components in PBC, with the aromatic C=C ring at 1500 cm −1 and the aromatic C-H out-ofplane deformation at 900-750 cm −1 (Keiluweit et al. 2010 ).
Effect of poplar-derived wood vinegar on seed germination
The effects of PWV addition on the seed germination of pepper and tomato are presented in Fig. 2 . For pepper, PWV addition at concentrations of 0.0005% to 0.1% had little effect on the germination potential and rate ( Fig. 2a ). Similar results were also observed for tomato germination (Fig. 2b) . However, PWV presented an inhibitive effect on the germination potential of pepper at the highest concentration of 0.1% Mn (mg kg −1 ) 21.8 ± 0.9 a The soil properties were cited from Liu et al. (2016) b PBC indicates the biochar produced from waste trunks of poplar tree c The content of available K, Ca, Mg, Fe, and Mn was extracted using Mehlich3 ( Fig. 2a ). The inhibition effects of high concentrations of wood vinegar were extensively reported (Kadota and Niimi 2004; Mmojieje and Hornung 2015) , especially at the germination stage. The negative effect can probably be attributed to the phenolic compounds and the lower pH caused by PWV ( Fig. 1c, d , Table 1 ). Compared to the control, the addition of low concentration of PWV significantly promoted the root length of pepper, while the facilitation became insignificant as the concentration was increased to 0.02% (Fig. 2c ). For tomato, the root and shoot lengths showed an increasing trend, but generally without significant promotion, with the application of PWV (Fig. 2d) . Accordingly, our findings on seed germination are consistent with the study reported by Simma et al. (2017) , who applied 0.33% wood vinegar to rice seed germination and found no stimulating effect on the germination rate or potential. However, during the germination period, a low concentration of PWV benefited the seedling growth of pepper and tomato to some extent. Up to now, the existing studies have shown that many active substances tested in wood vinegar can regulate plant growth. For example, organic acids (e.g., acetic acid and propanoic acid) in wood vinegar can enhance the nutrient availability in soil by decreasing the pH and stimulating microbial activities (Steiner et al. 2008; Lashari et al. 2013) , and phenols can restrain the growth of fungi, pathogens, and viruses in the soil . A condensed butanolide moiety (3-methyl-2H-furo[2,3-c]pyran-2-one) has proved to be highly effective in promoting seed germination (Flematti et al. 2004) . Attention should also be paid to karrikins and ethanols, which effectively stimulate seed germ i n a t i o n a n d s e e d l i n g g r o w t h , a s r e p o r t e d b y Mungkunkamchao et al. (2013) . Therefore, the observed growth in the root and shoot lengths of pepper in the germination test should be attributed to the integrative action by carboxylic acid, phenols, and as 2,3-dimethyl-4-hydroxy-2butenoic lactone.
Effect of poplar-derived wood vinegar and biochar on pepper growth
The effect of the individual and co-application of PWV and PBC on the root morphology and biomass of pepper in the pot Fig. 3 . Compared to the CK treatment, PWV addition significantly promoted the root length, surface area, and volume of pepper by 45.4-51.6%, 33.7-41.6%, and 20.1-29.6%, respectively ( Fig. 3a-d ). PWV addition also significantly increased the shoot and root weight by 20.9-22.0% and 100-113%, respectively (Fig. 3f) . These results showed that PWV had the potential to enhance the root development of pepper, which correspondingly resulted in an increased biomass. Meanwhile, compared to the CK treatment, PBC addition significantly increased the root volume and surface area of pepper by 22.5% and 34.4%, respectively, and decreased the root tips by 53.9% (Fig. 3b-d ). However, PBC had little effect on the height and biomass production of pepper (Fig. 3e, f) . Generally, when compared to the PWV treatments, the PWV + 1.5% PBC treatments with the same PWV concentration showed no difference in the root morphology and biomass. The above results supported our hypothesis that the PWV and PBC could individually promote the seedling growth (e.g., root morphology and biomass). Likewise, a few studies have demonstrated that wood vinegar could exert positive effects on plant growth (Mungkunkamchao et al. 2013; Rahmat et al. 2014; Wang et al. 2019) . Considering that our experimental soil and wood vinegar were both acidic, and that peppers prefer acidic conditions, the promotion effects of PWV could be mainly attributed to maintaining the soil acidity. Furthermore, organic acids are the most abundant compounds in PWV, the majority of which are low molecular weight (LMW) acids, such as acetic acid and propanoic acid ( Fig. 1c, d , Table S1 -ESM). These LMW acids facilitate nutrient release and increase nutrient availability to improve the quality of the rhizosphere; as a result, the root morphology and biomass are promoted (Sharma et al. 2016 ). In addition, PWV also contained various quinones and phenols, including hydroquinone and benzenediol ( Fig. 1c, d , Table S1 -ESM), which can stimulate pepper growth as plant hormones (Sun et al. 2017) . Besides, studies have found that butanoic lactonelike substances not only facilitate seed germination, but also promote seedling growth (Flematti et al. 2004 ). The PWV used in our experiment also contained the LMW unsaturated lactones 2,3-dimethyl-4-hydroxy-2-butenoic lactone and 2(5H)-furanone (Table S1 -ESM). In this case, the organic acids, phenols, and lactones were responsible for the enhancement of the pepper root morphology, as well as the improvement of aboveground biomass.
Concurrently, individually adding PBC at 1.5% also promoted the root development, which is consistent with previous studies (Zheng et al. 2013a; Olmo et al. 2014; Bruun et al. 2014; Razaq et al. 2017; Zheng et al. 2018b ). These findings can likely be attributed to the rich inorganic Fig. 2 Effect of PWV addition on the germination potential and rate of pepper (a) and tomato (b), root length and shoot length of pepper (c) and tomato (d). The 0%, 0.0005%, 0.001%, 0.002%, 0.01%, 0.02%, and 0.1% indicate that the pristine PWV were diluted to concentrations of 0%, 0.0005%, 0.001%, 0.002%, 0.01%, 0.02%, and 0.1%, respectively.
Error bars represent standard deviations of the means (n = 4). Different small letters indicate significant difference between treatments with different concentrations of PWV, which were analyzed by Duncan's multiple range test (p < 0.05) using SPSS 20.0 components, such as available N, P, and K, as well as microelements, such as Fe and Mn, tested in the PBC (Table 1) . PWV and PBC presented a positive influence on the root surface and volume; nevertheless, both greatly decreased the root tips. Herein, the decrease of the root tips could be explained by the adoption of a Bdormant strategy,^which is a repression of lateral root outgrowth found in plants under environmental stress (Ruffel et al. 2011 ). Although either PWV or PBC could individually enhance pepper seedling growth, in contrast to our hypothesis, their co-application presented nonsignificant effects. These findings are consistent with the study reported by Kadota and Niimi (2004) , who also found non-significant effects of a combination of charcoal and pyroligneous acid on bedding plants.
Effect of poplar-derived wood vinegar and biochar on tomato growth
The effect of the individual and co-application of PWV and PBC on the root morphology and biomass of tomato is presented in Fig. 4 . The addition of PWV had no effect on the root length, surface area, and tips compared with those in the CK treatment (Fig. 4a, b, d) , while it significantly decreased the root volume by 35.2-45.5% (Fig. 4c) . Similarly, the height The treatments of PWV and PWV+ 1.5%PBC represent the PWV alone treatments and co-application with PBC at the rate of 1.5% (w/w), respectively. The treatments of 0%, 0.002%, and 0.02% indicate that the PWV was directly added into the soil at concentrations of 0%, 0.002%, and 0.02%, respectively. The treatment of 0.02%S indicates that the PWV was added on the leaf at concentration of 0.02%. Error bars represent standard deviations of the means (n = 4). Different small letters indicate significant difference between treatments with different concentrations of PWV, and the asterisks represent significant difference between the two treatments, which were analyzed by Duncan's multiple range test (p < 0.05) using SPSS 20.0 and weight of the shoot significantly increased with PWV addition (Fig. 4e, f) . The BC treatment significantly promoted the root length, surface area, and root tips of tomato by 83.4%, 51.7%, and 58.5% relative to the CK treatment. Moreover, the height and shoot weight of tomato significantly increased in the BC treatment. Generally, PBC addition resulted in a higher growth of tomato than did PWV addition. When compared to the PWV treatments, the PWV + 1.5% PBC treatments with the same PWV concentration showed the significant enhancement of tomato growth. Specifically, the BWV1 treatment significantly promoted the root length and root tips by 75.7% and 75.9%, respectively (Fig. 4a, d) , and the BWV2 treatment increased the root length, surface area, and volume by 98.0%, 66.7%, and 83.1%, respectively (Fig. 4a-c) . Furthermore, the BWV2 treatment resulted in a greater height and shoot weight, with increases of 23.7% and 11.3%, respectively (Fig. 4e, f) . It is worth noting that the combination of PWV with PBC effectively enhanced the root development and biomass production of tomato. However, the cooperative performance of PWV and PBC had no significant difference relative to the individual PBC treatment, which indicated that PBC dominated in promoting tomato growth.
Differing from pepper, these results indicated that the root development of tomato was not facilitated by PWV addition Effect of PWV and PBC alone and co-application on root morphology and biomass of tomato in the pot experiment. Root length (a), root surface area (b), root volume (c), root tips (d), plant height (e), and wet weight of biomass (f). The treatments of PWV and PWV+ 1.5%PBC represent the PWV alone treatments and co-application with PBC at the rate of 1.5% (w/w), respectively. The treatments of 0%, 0.002%, and 0.02% indicate that the PWV was directly added into the soil at concentrations of 0%, 0.002%, and 0.02%, respectively. The treatment of 0.02%S indicates that the PWV was added on the leaf at concentration of 0.02%. Error bars represent standard deviations of the means (n = 4). Different small letters indicate significant difference between treatments with different concentrations of PWV, and the asterisks represent significant difference between the two treatments, which were analyzed by Duncan's multiple range test (p < 0.05) using SPSS 20.0 ( Fig. 4c ). This could be ascribed to the soil acidity that was aggravated by PWV, which did harm to the root development of tomato, because tomato favors neutral pH conditions. In contrast, PBC addition enhanced the root development as well as the biomass of tomato, which is in accordance with previous studies (Mungkunkamchao et al. 2013; Vaccari et al. 2015) . This is attributed to the biochar-enhanced nutrient availability, including that of N, P, and K (Zheng et al. 2018b) , as well as microelements (Hammer et al. 2015) .
Furthermore, the surprising enhancement of tomato height and shoot weight by the co-application of PWVand PBC (Fig.  4e, f) proved our hypothesis that the combination of wood vinegar and biochar have better stimulative effects on plant growth, which also indicated that PBC and PWV had a positive interaction in the soil. As biochar is rich in surface functional groups (Fig. 1a) with developed pore structure, it could absorb the active components of PWV (e.g., phenols and organic acids) and enable them to become slowly released (Han et al. 2013 ). In addition, the alkalinity of PBC may neutralize the soil acidity caused by PWV (Table 1) . Moreover, PBC compensated the disadvantages of PWV by providing abundant inorganic nutrients (Prendergast-Miller et al. 2014) . Consequently, the combination of wood vinegar and biochar in soil had a better facilitation of tomato growth.
Effect of application method of poplar-derived wood vinegar on the seedling growth
Compared to the WV2 treatment, the root length ( Fig. 3a ) and root and shoot weights of pepper decreased by 29.1%, 51.7%, and 21.0% in the WV2S treatment, respectively (Fig. 3f ). When combined with biochar, the difference between the two application methods were narrowed down, and only showed significant differences in the root length and shoot weight. These results showed that the root-application method of PWV could be better for its function. For tomato, there was no significant difference between the two PWV application methods. However, PBC addition did make a difference; the BWV2 treatment was more efficient in the promotion of the root surface area, volume, plant height, and shoot weight by 14.1%, 22.8%, 16.9%, and 16.5% compared to the BWV2S treatment, respectively. These findings further illustrated that wood vinegar and biochar had interacting effects in the soil.
In the present study, the leaf-applied PWV showed little promotion effect on the seedling growth, while the rootapplied PWV significantly enhanced the pepper seedling growth. Most of the previous studies, which usually directly applied wood vinegar into soils, proved that root-applied wood vinegar is more effective for enhancing nutrient availability and uptake by roots, and is more suitable for plants in different soil types (Kadota and Niimi 2004; Rahmat et al. 2014; Simma et al. 2017 ). However, leaf-applied wood vinegar may protect plants from pests and diseases (Chuaboon et al. 2016) while having no effect on the nutrient uptake. Considering the tested pepper and tomato were not stressed by pests and diseases during incubation, the root application of wood vinegar would be a better method to enhance the seedling growth.
Conclusions
The addition of PWV showed little influence on the germination of pepper and tomato seeds, while it promoted the root and shoot lengths at low concentrations (e.g., 0.002% and 0.02%). In addition, the individual application of PWV or PBC stimulated the pepper seedling growth, including root development and biomass production, but co-application showed little effects. The positive effects of PWV on pepper could be attributed to the maintained weak acidity of soil and the abundant active compounds in PWV (e.g., carboxylic acids, phenols, and lactones). As for tomato, PBC individually facilitated its seedling growth, including root development and biomass production. Moreover, the co-application of PWV and PBC to tomato presented a greater growth, mainly due to the rich inorganic nutrients and microelements provided by biochar and the slow-released active acid and phenol components in PWV, which were adsorbed by the biochar. Our findings suggest that the combined addition of wood vinegar and biochar could be a feasible strategy to improve the soil quality and thus enhance crop growth.
